Cobalt ferrite nanoparticles have been synthesized using a co-precipitation approach. Co:Fe precursor ratio is varied over a certain window (1.05 to 1.2). It is observed that the 1.15:2 precursor ratio gives better phase control but poor coercivity. On the other hand, 1.05:2 precursor ratio results in substantially better coercivity values (274kA/m; almost 300% the value reported for co-precipitated cobalt ferrite by Praveena et al.), but moderate BH product maximum (2.25 kJ/m 3 ; ~ comparable to many reports on cobalt ferrite nanoparticles so far).
Introduction
Cobalt ferrite (CoFe2O4) is a ferrimagnetic material with tunable coercivity (1.67x103 -4.65x105 A/m) [1] , moderate magnetization (around 80Am 2 /kg) and good thermal and chemical stability [2] . It is being used in several technological applications such as computer memory core elements and switches, magnetic recording media [3] , core of coils in microwave frequency devices, contrast agents for magnetic resonance imaging (MRI) [4] , probes for magnetic force microscopy, hyperthermia based tumour treatment [5] , drug delivery [6] , and magnetically recoverable catalyst [7] [8] [9] . Crystallographically, the ferrite spinel structure (AB2O4) is a closed-packed oxygen lattice, in which tetrahedral (A sites) and octahedral (B sites) interstices are occupied by the cations. In the inverse spinel structure, all the Co 2+ ions occupy the octahedral sites of the lattice. Half of the Fe 3+ ions occupy the octahedral sites and the rest of the Fe 3+ ions are present in tetrahedral sites [10] .
Large-scale industrial applications of nanoscale ferrites have motivated the development of widely used chemical methods, including solution combustion [11] , co-precipitation [12] , solgel [13] and precipitation [2] for the synthesis of stoichiometric and chemically pure spinel ferrite nanoparticles. Magnetization can be varied by introducing off-stoichiometry (like oxygen vacancies and excess metal ions) in the lattice structure. Controlling the stoichiometry in turn can be achieved by varying the synthesis conditions [12] . Co-precipitation is a simple and green synthesis method for producing nanoparticles. The advantage of this method is that it offers better size control; the polydispersity is largely controlled through the handle on the 3 relative rates of nucleation and growth during the synthesis process [14] . Size control is achieved by the addition of a precipitating agent (eg. NaOH) to the precursor solution; vigorous stirring is usually employed in this process [2] .
It may be noted that the coercivity of a magnetic material depends on the particle dimensions (in addition to composition). Hence particle size control and appropriate grain boundary processing is critical for obtaining optimum coercivity. In this work, we explore (i) precursor ratio, and (ii) annealing temperature and time in obtaining optimal coercivity. Results indicate that nanophases undetectable via x-ray diffraction seem to be responsible for the observed coercivity in the as prepared pristine samples (with Co:Fe=1.05:2). Any heat treatment affects this coercivity, indicating the interfacial origins of pinning and hence coercivity enhancement in this sample.
Experimental section
To study the effect of off-stoichiometry on the magnetic properties, solutions with 0. 
Results and discussion
The X-ray diffractograms (ref: Fig. 1 (311) is seen in every sample processed [15] . This indicates the formation of cobalt ferrite nanoparticles and apparent absence of any secondary phases (discernible from XRD). The crystallite size (approximately 24 nm) of as prepared pristine samples is calculated using Scherrer formula at [311] peak. Rietveld refinement based analysis also suggests the absence of secondary phases as the refined calculated parameters as closely matching with ASTM data. For example, the refined calculated lattice parameter for coprecipitated C1.05 is 0.84nm, which is almost equal to reported ASTM data (0.84nm) [16] . High coercivity is observed in cobalt ferrite nanoparticle prepared by water-in-oil emulsions 6 when precursor ratio is changed [17] . This high coercivity value is likely related to an unusual atom ratio in the sample (1:3.5 = Co:Fe; obtained from EDX/SEM). In fact this suggests the formation of a small volume fraction nanophase, which is likely segregating at the grain boundaries. Furthermore it may be expected that this large coercivity can be a result of flux pinning because of the presence of these pinning secondary nanophase (which is undetectable by SEM and XRD). This is a reasonable expectation considering prior reports [18] . In order to confirm this "pinning by nanophase" hypothesis, annealing for several durations has been carried out. The values of coercivity dropped drastically with annealing (ref: Fig.3) as shown in Table 3 . This drop can be due to the loss of pinning sites (plausibly due to To test this hypothesis, FTIR analysis is performed (ref: Table. 4). The spectra indicate the presence of hydroxide phases in the C1.05 (ref: Fig. 5 ). This is not surprising because hydroxide phases have been reported in other co-precipitated ferrites as well. These hydroxide phases are remnants of unreacted phases, which are observed and often times reported in co-precipitation of cobalt ferrite [20] . The peak observed around 1600 cm -1 is likely to be due to stretching of OH -1 or molecular H2O, similar to the modes observed in Zn-Ni ferrite nanoparticles synthesized by co-precipitation [21] . Presence of residual nitrates (i.e. NO3 -1 moieties) is confirmed by the 1400cm -1 IR peak. The FTIR spectra obtained is quite broad for all the samples, as is commonly observed in inverse spinel ferrites [12] . This broadening increases with reduction of particle size, as the cation disorder is known in increase in nanoferrites [22] .
This reduction in particle size [23] is responsible for increment in inverse nature of spinel ferrites (such as increment in coercivity with particle size) [24] . The main broad peaks seen around 600 cm -1 and 3400 cm -1 corresponds to stretching vibrations associated with metaloxygen bonds, O-H, and N-H respectively. The peaks at about 2925, 1050 cm -1 are due to C-H stretching and O-H bending vibrations, respectively. These indicate the presence of residual molecules adsorbed to the particle surface [25] . From Fig. 5 , it can be realized that the disappearance of hydroxides due to annealing is likely responsible for the loss of coercivity.
This explanation is substantiated by the broad peaks at 1600 cm -1 , 3400 cm -1 and absence of intensity at 1050 cm -1 in annealed sample. Hence it can be concluded that the presence of nanohydroxide phases in the particles, most likely at the interfaces, are responsible for the huge coercivity via pinning mechanism. C, are likely due to decomposition of Fe-rich nitrates [29] and hydroxides [32] respectively. Since the annealing temperature is around 600 o C, it can be safely assumed that the hydroxide nanophases are absent in the annealed samples. The increasing trend in coercivity of annealed samples is due to increment in particle size up to a particular value (54 ± 2nm) seen in inverse spinel ferrites as mentioned by Praveena et.al as well. As the particle size observed in the sample prepared is around 25nm (ref: Fig. 5 ), the coercivity increases due to increased role of magnetocrystalline anisotropy [33] . Thus we obtain cobalt ferrite nanoparticles with both high Hc as well as moderate (BH)max values. (BH)max calculations are done in SI unit system using the formula B = μ0 (H + M) [40] . Hence we suggest that C1.05 can potentially be adapted and deployed for application in high magnetic storage applications. This result is interesting because of the green chemical nature of the co-precipitation. Hence it is believed that this result will be generically helpful in developing soft chemically/chimie douce (i.e low temperature chemistry) derived ferrites with higher coercivity and desirable (BH)max. However since the coercivity drops significantly with annealing from 2 hours at 873K, to develop plausible applications using the reported ferrites that use nanophase flux pinning, soft materials and device processing methods will need to be explored.
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Conclusion
High coercivity (~274 kA/m, almost 300% the previously reported value for co-precipitated cobalt ferrite nanoparticles) materials are produced via choice of a suitable precursor ratio (Co rich reaction mix; Co: Fe = 1.05:2). The product obtained is a Co rich, and apparently single phase. High Hc (274kA/m) in the sample is evidently composition dependent, and concomitant with the presence of interfacial nanohydroxide phases, suggesting an interfacial pinning mechanism. This is corroborated by annealing experiments where coercivity dropped drastically (almost by 80%), while saturation magnetization increased consistently. The (BH)max product is moderate indicating its potential for improvement through further work and use in magnetic memory applications. Annealing past the initial coercivity drop however marginally improves both (i) coercivity and (ii) saturation magnetization indicating grain growth and associated magnetocrystalline anisotropy.
We believe that the result presented here will be generically helpful in developing soft chemically/chimie douce (i.e low temperature chemistry) derived ferrites with higher coercivity and sufficient (BH)max. However since the coercivity drops significantly with annealing, to develop plausible applications using the reported ferrites that use nanophase flux pinning, soft materials and device processing methods are perhaps necessary.
